Purpose: To determine the optimal flip angle (FA) for cardiac cine imaging that maximizes myocardial signal and bloodmyocardium contrast. Methods: Bloch equation simulations of stationary myocardium and flowing blood with an imperfect slice profile were compared to in vivo measurements of blood and myocardium signal-to-noise ratio (SNR) and blood-myocardium contrast-tonoise ratio (CNR) in healthy subjects (N ¼ 10) in the short-axis and four-chamber views and in patients (N ¼ 7) in the threechamber imaging plane. Results: Left ventricular (LV) and right ventricular (RV) blood SNR and blood-myocardium CNR increases with increasing FA up to %105 in the short-axis view. A similar trend is seen in the RV four-chamber view, but a marked SNR difference between the LV and RV blood appears for FA>75 , especially during systole. Notable RV and LV SNR and CNR differences are also evident in the three-chamber view due to the predominant LV in-plane flow versus RV through-plane flow. Conclusion: Very high blood-myocardium CNR can be obtained with a FA of %105 in the short-axis plane and %75 in the three-chamber and four-chamber imaging planes. However, if through-plane flow is limited, as may occur for patients with low ejection fraction or low heart rates, then the FA may be limited to % 75 .
INTRODUCTION
Cine magnetic resonance imaging (MRI) is routinely performed for the clinical assessment of cardiac structure and function using balanced steady state free precession (bSSFP) imaging. bSSFP cardiac cine imaging is preferred over conventional spoiled gradient echo (SPGR) imaging due to its high signal-to-noise ratio (SNR), high SNR efficiency, and high blood-myocardium contrast-to-noise ratio (CNR) (1, 2) . Conventional SPGR cardiac cine imaging largely depends on the inflow of blood to generate bloodmyocardium CNR (3), whereas the blood-myocardium CNR in bSSFP imaging depends on both inflow and outof-slice effects (4) and the tissue T 2 /T 1 ratio, as well as repetition time (TR) and flip angle (FA). The strong dependence of the blood-myocardium CNR in bSSFP imaging on the T 2 /T 1 ratio is especially useful for imaging patients with poor cardiac function and low blood inflow enhancement (1) . The high blood-myocardium CNR in bSSFP also enables automatic myocardial segmentation (5) and improved accuracy of ventricular mass quantification (6) . The SNR of bSSFP imaging is also higher than traditional SPGR techniques due to the fully refocused (i.e., balanced) gradients and balanced radio frequency (RF) phase cycling (7, 8) during each pulse repetition time (TR), which enables magnetization recycling without the need for spoiling.
Maximizing both SNR and CNR are desirable as they lead to improvements in image quality that can improve diagnostic accuracy, produce images that can be automatically segmented with greater robustness, and when in excess make high acceleration rates with parallel imaging or compressed sensing judicious. Bandwidth and TR have minimal influence on the SNR and CNR of bSSFP (9) sequence. Thus, we sought to investigate the FA that produces optimal SNR and CNR for cardiac cine imaging with bSSFP with constant bandwidth and TR. Bloch equation simulations can be used to optimize the imaging parameters to produce high SNR or high bloodmyocardium CNR. Previous Bloch equation simulations of stationary blood and stationary myocardium with perfect slice profiles at 1.5T and 3T indicate that the optimal FA for high blood-myocardium contrast is 54 and 42 , respectively (10) ; however, these values are not in good agreement with clinical experience. This is because the in vivo myocardial signal varies significantly compared to Bloch simulations with a perfect slice profile due to important dependencies on slice profile imperfections and B 0 and B 1 inhomogeneities (11) . The in vivo blood signal also varies considerably due to the dependence on the imperfect slice profile, FA, flow profile, inflow effects, and out-of-slice (4,12) effects.
Therefore, our objective was to define the FAs corresponding to the maximum myocardial signal, maximum blood signal, and the maximum blood-myocardium contrast using detailed Bloch equation simulations that included the effects of imperfect slice profile, FA, inflow effects, and out-of-slice flow effects and compare these with in vivo measurements of the blood and myocardium SNR and the blood-myocardium CNR in short-axis, four-chamber, and three-chamber imaging planes. We hypothesized that the optimal FA for maximum bloodmyocardium contrast was higher than 54 at 1.5T and was dependent on the imaging plane due to the differences in blood inflow characteristics.
METHODS

Bloch Equation Simulations
Bloch equation simulations were performed in MATLAB (The Mathworks, Natick, MA). A hamming windowed sinc RF pulse with duration ¼ 1200 ms with a time bandwidth product ¼ 1.6 was simulated for a range of FAs between 15 and 180 in steps of 15 . The RF pulse simulation parameters matched the in vivo image acquisition (see below). The RF pulse duration was increased to 1,200 ms compared to the conventional 1,000 ms for all the FAs to reduce the specific absorption rate (SAR) of the sequence and allow in vivo imaging at higher FA (approximately >80 ). The signal characteristics of the imperfect slice profile due to the chosen RF pulse were calculated by simulating 600 subslices (N s ) within the imaging slice. A high N s was chosen to sample the sharp transitions in the slice profile of higher FAs. The magnitude and the phase of the slice profile ( Fig. 1a-1b ) was determined by calculating the magnitude and phase of the transverse magnetization of the RF excitation pulse using a spinor representation of the rotations of the sampled RF pulse (13) . As expected, the slice profile deteriorates for FA>90 due to the chosen pulse duration and time bandwidth product required for short TR, which is needed to reduce the off-resonance artifacts as well as the breath-hold duration. The phase of the slice profile varies linearly within the imaging slice for all the FAs except the 180 . The FA corresponding to each of the 600 subslices within the slice was determined by inverse sine of the slice profile ( Fig. 1c ).
One-dimensional (1D) bSSFP signal with respect to the echo number was simulated using a train of equally spaced RF pulses with identical parameters as mentioned above, with constant FA and alternating RF phase for on-resonance spins. The signal was calculated for each of the subslices with their corresponding FA, indi-vidually for each echo number. The bSSFP signal simulation parameters were TR ¼ 4.4 ms, echo time (TE) ¼ 2.2 ms, N echoes ¼ 600 and for a range of FAs between 15 and 180 in steps of 1 . The simulations were performed for stationary myocardium (T 1 /T 2 : 1030/40 ms) (14) and stationary blood and flowing blood (T 1 /T 2 /T 2 * : 1441/290/ 145 ms) (14) at 1.5 T. A longer TR and TE were used in the simulations to match the in vivo experiments (see below) to reduce the SAR of the sequence without significantly changing the contrast. The spin density of the myocardium and blood was M 0myo ¼ 0.7 and M 0blood ¼ 0.95 (10), respectively.
The flow simulation was performed for both blood and myocardium and followed the previous work of Markl et al. (4) with a percent spin replacement per TR (Ds) ranging from 0% (no flow) to 100%. For example, Ds ¼ 50% and Ds ¼ 100% corresponds to a velocity of 56.8 cm/s and 113.2 cm/s, respectively, for flowing blood or moving myocardium through a slice thickness of 5 mm and TR of 4.4 ms. The inflow effects were simulated by replacing Ds spins within the imaging slice (N s ), with full magnetization every TR assuming a unidirectional steady plug flow of fresh blood or myocardium. The outof-slice flow effects were simulated by tracking up to number of out-of-slice, N os ¼ 3 Â Ds Â N s Â T 2 * /TR, subslices outside the imaging slice until their signal decayed by T 2 * effects. The bSSFP signal was calculated individually for all the N s and N os subslices every TR as the absolute value of the transverse signal. Thus, the calculated signal included effects of both inflow and out-ofslice flow effects. The steady state bSSFP signal was calculated as the average signal of all the N s and N os subslices of the last echo (600th TR).
Simulations of stationary myocardium, stationary blood, and flowing blood with Ds ¼ 50% were also performed with different off-resonances ranging from 15 to 180 in steps of 15 . Identical simulations of stationary myocardium (T 1 /T 2 :1471/47 ms), stationary blood, and flowing blood (T 1 /T 2 /T 2 * :1932/275/138 ms) with perfect and imperfect slice profiles were simulated for comparison of the optimal FA required for high bloodmyocardium contrast at 3T. The signal increases as B 2 0 and hence to compare the myocardium and blood signal with 1.5T, the M 0 of the blood and myocardium at 3T were scaled by 4, resulting in M 0myo ¼ 2.8 and M 0blood ¼ 3.8.
In Vivo Imaging Experiments
Our institutional review board approved the protocol. All images were acquired on a 1.5T scanner (Avanto; Siemens Medical Solutions, Erlangen, Germany) using a six-channel anterior cardiac coil and six-channel posterior spine matrix.
A 2D breath-hold cardiac exam was performed in 10 normal subjects (N ¼ 10; 9 male; age: 28 6 3 years) subsequent to obtaining informed written consent. 2D segmented, retrospectively electrocardiogram gated, midventricular short-axis and four-chamber cardiac cine images were acquired using bSSFP with FAs of 15 to 180 in 15 steps. The highest FA (180 ) was not acquired in six subjects due to SAR limitations. The imaging parameters were as follows: field of view ¼ 380 Â 296 mm, acquisition matrix ¼ 256 Â 200, resolution ¼ 1.5 Â 1.5 Â 5 mm, TE/TR ¼ 2.2/4.4 ms, bandwidth ¼ 501 Hz/px, views-per-segment ¼ 14-16, retrospectively interpolated N phases ¼ 20, and 1200 ms windowed sinc RF pulse with a time bandwidth product of 1.6. The RF pulse duration was increased to 1200 ms compared to the conventional 1000 ms for all the acquisitions to reduce the SAR of the sequence and allow imaging at higher FA (approximately >80 ). The bandwidth was decreased, which increases the TE and TR without significantly changing the contrast and permitted the use of higher FAs within SAR restrictions. Parallel imaging was not used in order to simplify the SNR comparison. The individual acquisition duration depended on the heart rate during the image acquisition and averaged 12 6 1s.
Cardiac cine images were also acquired in seven patients (N ¼ 7; 4 male; age: 32 6 12years) in the threechamber left ventricular outflow tract (LVOT) plane with bSSFP and FAs of 45 , 75 , and 105 -in addition to a short-axis stack bSSFP cine images that were used to measure ejection fraction. The imaging parameters were identical to those used in the healthy subjects.
In Vivo Data Analysis
The SNR of the interventricular septum, the right ventricular (RV) blood, and LV blood were measured using regions of interest analysis. The mean signal intensity within septal and RV and LV ROIs was calculated for each systolic phase (at %30% of the cardiac cycle) and each diastolic phase (%90% of the cardiac cycle) for both slice orientations and for each individual. The standard deviation (SD) of the background noise was also measured within a region outside the body that was free of any artifacts. The SNR was calculated as the ratio of the mean signal to the SD of the background noise. The SNR was divided by a correction factor (15) of ffiffiffiffiffiffiffi 2 4Àp q ¼ 1:53, to account for the Rayleigh distribution of the noise. The CNR was calculated as the SNR difference between the RV or LV blood and the septum. SNR and CNR calculations for RV and LV blood and myocardium were also performed in the LVOT plane for each patient. The LV ejection fraction was calculated subsequent to manual contouring of the multi-slice short-axis acquisition for each patient by an experienced MRI technologist.
Comparison of the Bloch Simulation and Measured Data
The stationary myocardial and flowing blood signal (Ds ¼ 50%) simulation were collectively scaled to best fit the experimentally measured septal, RV blood, and LV blood SNR for the short-axis and four-chamber views in healthy subjects based on a linear least squares fit between all the simulations and the mean experimental SNR. The stationary myocardial signal simulation was chosen because the average velocity is zero for the periodic myocardial motion. The root mean square error (RMSE) was calculated for the septum, LV blood, and RV blood. The RMSE was calculated as the square root of the ratio of the sum of squares of the differences between the fitted simulations and the measured values to the number of experiments with different FAs. The coefficient of variation of the RMSE was calculated for the septum, LV blood, and RV blood as the ratio of the RMSE to the mean of simulated and the experimental values.
RESULTS
Simulations
The Bloch simulation results for myocardium and blood for a range of FAs with different flow velocities and a perfect slice profile are shown in Figure 2a -2b. At 1.5T, the maximum stationary myocardium signal was 0.07 and occurred at a FA of 22 ; the maximum stationary blood signal was 0.22 and occurred at a FA 48 ; and the maximum stationary blood-myocardium signal difference (i.e., contrast) was 0.18 and occurred at a FA of 55 , which is in agreement with Sch€ ar et al. (10) . In the presence of through-plane flow (Ds>0) with a perfect slice profile, the maximum flowing blood signal, the maximum moving myocardial signal, and the maximum contrast between stationary myocardium and flowing blood occurred at a FA of 90 . At 3T with a perfect slice profile, the maximum stationary myocardium signal was 0.28 and occurred at a FA of 20 ; the maximum stationary blood signal was 0.8 and occurred at a FA of 42 ; and the maximum stationary blood-myocardium contrast was 0.15 and occurred at a FA of 47 . Figure 2d -2f highlight the importance of incorporating an imperfect slice profile for simulating the signal response of myocardium and blood. The maximum stationary myocardial signal occurred at 45 , the maximum stationary blood signal occurred at 135 , and the maximum contrast of 0.08 between stationary myocardium and stationary blood with imperfect slice profile occurred at 135 . For moving myocardium with an imperfect slice profile, the maximum myocardial signal occurred in the FA range of 105 to 120 . For flowing blood (Ds>0%) with an imperfect slice profile, the contrast between stationary myocardium and flowing blood increases to a range of 0.21 to 0.17 for a FA of 105 to 120 , and thereafter decreases slightly. At 3T with an imperfect slice profile, the maximum stationary myocardial signal occurred at 30 , the maximum stationary blood signal occurred at 135 , and the maximum flowing blood signal occurred for a FA of 105 to 120 .
The influence of off-resonance on the signals for stationary myocardium, stationary blood, and flowing blood (Ds ¼ 50%) with an imperfect slice profile is shown in Figure 3a-3c . For flowing blood, the signal increases with both increasing off-resonance and increasing FA with an increase in the signal up to %13.9 Á M 0 with 180 off-resonance, which accords with the values reported by Markl et al (4) . The flowing and stationary blood signal, however, is weakly dependent on off-resonances less than 90 . Figure 4a shows a subset of the acquired diastolic and systolic short-axis cardiac images for a healthy subject with flip angles ranging from 15 to 165 in steps of 30 . The mean and SD of the SAR calculated over the 10 subjects is reported in Figure 4a . Images from 10 subjects were used to report the measured LV blood, RV blood, and myocardial SNR-as well as the LV blood-myocardium CNR and RV blood-myocardium CNR for diastolic and systolic phase, as shown in Figure 4b-4e . The myocardial SNR increases up to 30 in diastolic phase and up to 45 in systolic phase, and slightly decreases with increasing FA. The in vivo LV blood and RV blood SNR and the LV and RV blood-myocardium CNR increase with increasing FA. The LV and RV blood SNR and CNR are similar to each other in the systolic phase for all FAs, and minimal differences in their SNRs are apparent for FA>105 in the diastolic phase. The RMSE coefficient of variation between the simulated flowing blood and the mean in vivo LV blood SNR is 0.15 during diastole, 0.23 during systole, and 0.21 in the RV blood during diastole and systole. The RMSE coefficient of variation between stationary myocardium and the in vivo septal SNR is 0.27 during diastole and 0.33 during systole. Figure 5a shows a subset of the acquired diastolic and systolic four-chamber cardiac images for a healthy subject with FAs ranging from 15 to 165 in steps of 30 . The mean and SD of the SAR calculated over the 10 subjects is reported in Figure 5a . The measured LV blood and RV blood and myocardial SNR, LV, and RV bloodmyocardium CNR in the diastolic and systolic phases is shown in Figure 5b -5e, respectively. The myocardial SNR increases up to 30 in diastolic phase and up to 45 in systolic phase, and it slightly decreases with increasing FA similar to the short-axis images. The RV blood SNR and RV blood-myocardium CNR during systolic and diastolic phases is similar to the short-axis plane. However, the LV blood SNR and LV blood-myocardium CNR increases for increasing FA up to %75 and remains relatively constant for FA>75 . Consequently, the difference in SNR and CNR between the LV blood and RV blood increases with increasing FA and is more evident in the systolic phase (Fig. 5c, 5e ) than in the diastolic phase ( Fig. 5b, 5d ). The coefficient of variation of the RMSE between the simulated flowing blood and the mean measured LV blood signal is 0.31 during diastole and 
In Vivo Analysis in Healthy Subjects
In Vivo Analysis in Patients
The ejection fraction (EF) and heart rate of the patient during cardiac cine acquisition in part determine the flow of blood within and through the imaging plane. Figure 6a compares systolic images in the LVOT plane for two patients with similar heart rates (74 vs. 77 beats/ min) but different EF (37.1% vs. 58.4%) acquired with FA ¼ 45 , 75 , and 105 . The LV blood-myocardium CNR and RV blood-myocardium CNR measured during systole and diastole are shown in Figure 6b -6c. The CNR for FAs of 75 and 105 is higher than the CNR with FA of 45 in all the patients. However, there is minimal difference between the LV blood-myocardium CNR for FAs of 75 and 105 in patients with low EF or low heart rate.
DISCUSSION
In the short-axis view the measured in vivo LV and RV blood SNR in both the systolic and diastolic phases increases with increasing imaging FA. The percent increase in SNR is >10% for every 15 increase in FA over the range of 15 to 105 and decreases with further increase in FA. Bloch simulations of flowing blood and stationary myocardium signal that use an imperfect slice profile and account for out-of-slice flow effects corroborate this finding and indicate that the blood signal increases with increasing FA up to %105 to 120 and decreases slightly thereafter; whereas the stationary myocardial signal is relatively constant over a wide range of FAs (> ¼ 45 ). Thus, to achieve the highest bloodmyocardium contrast cardiac cine imaging in the shortaxis plane within SAR constraints, the highest possible FA up to 105 to 120 should be used.
For the four-chamber view, the measured RV blood SNR in both systolic and diastolic phases is similar to the simulated flowing blood signal and similar to the LV and RV blood SNR in the short-axis plane. However, at higher FAs (>75 ), the four-chamber LV blood SNR and CNR is lower than the RV blood SNR and CNR. This likely arises as a consequence of the saturation of the blood signal in the pulmonary tissue and veins within the imaging plane that drain into the left chambers of the heart. This saturation leads to reduced in-flow effects and diminished blood signal intensity in the left chambers of the heart. Similarly, in the LVOT view, the RV blood flows predominantly through-plane compared to the LV blood flow, which largely circulates in-plane. As a consequence, the RV blood signal is noticeably higher than the LV blood signal for FA ¼ 105 in patients with normal EF or high heart rate.
To summarize, high SNR short-axis cardiac cine images can be acquired with FAs as high as 105 to 120 , beyond which the SNR gains are limited and SAR becomes problematic. The SNR gain between FA ¼ 75 and FA ¼ 105 in part depends on the EF and heart rate of the patient and may be limited in patients with low EF and/or low HR (Fig. 6b-6c) . Images in the fourchamber view and three-chamber view have high and uniform blood SNR in both the RV and LV up to 75 , beyond which there are increased signal differences between the RV and LV blood that may be undesirable. Bloch simulations and measured diastolic LV blood in the four-chamber plane indicate that a FA of 75 will increase the blood-myocardium CNR (by %21%) compared to the previously reported optimal FA of 54 . Similarly, for 3D cardiac cine applications where the blood signal is reduced due to signal saturation (16), a higher FA up to 75 is necessary to improve the bloodmyocardium contrast. Simulations of stationary blood with imperfect slice profile ( Fig. 2e) suggest that increasing FA beyond 75 up to 135 will only incrementally increase the blood-myocardium contrast, but it will incur substantially higher SAR.
Cardiac cine imaging, however, may be SAR-limited as the FA approaches 105 , especially with a short TR. Variable FA cardiac cine imaging (17) can be used to lower the SAR of the sequence, while maintaining the use of an effectively higher FA in order to obtain increased blood-myocardium contrast in the short-axis plane. Parallel imaging techniques such as generalized autocalibrating partially parallel acquisitions (18) and sensitivity encoding (19) can also be used to reduce the acquisition duration-and thus reduce the overall SAR of the imaging sequence, which then permits the use of a higher FA.
The flowing blood signal was simulated for a range of velocity up to 116 cm/s and was relatively independent of the through plane velocity. This accounts for the apparent blood-signal homogeneity in vivo for which a wide range of velocities are present. The optimal FA was higher for simulations using imperfect slice profiles (FA of 105 to 120 ) compared to perfect slice profiles show that the blood SNR and blood-myocardium CNR increases with increasing FA, but the increase in blood SNR and CNR for FA > 105 is minimal.
(FA ¼ 90 ) due to the reduction in the average FA within the imperfect slice profile despite the same nominal FA. In the flow simulations with an imperfect slice profile, it is apparent that the prescribed FA had to be increased beyond 90 in order to achieve the maximum signal by way of increasing the average FA. For the chosen RF pulse (see Methods), the highest average FA within the imaging slice was 79.3 , which occurred at the prescribed FA of 105 .
The RMSE coefficient of variations in the short-axis imaging plane between the simulation and the in vivo LV and RV blood was in the range of (0.15-0.23). The higher values were due to the inconsistency between the simulation and the in vivo values at high FA (>135 ), where the simulation indicated a slight reduction in the signal and the in vivo results suggested an increase in the signal. In the four-chamber imaging plane, the RMSE coefficient of variations between the simulated flowing blood and the mean in vivo SNR for the LV blood (0.31-0.47) was higher than that of the RV blood (0.11-0.17), which was likely due to the inflow saturation of the LV blood from the pulmonary veins-an effect that was not simulated. However, the RMSE coefficient of variations between stationary blood simulation and mean LV blood was 0.08 during systole and 0.14 during diastole, suggesting that the lower in vivo SNR was partly due to blood signal saturation as a consequence of in-plane flow. The RMSE coefficient of variations for the myocardium was high (0.22-0.33) in both four-chamber and short-axis imaging planes. This was partly due to the stationary myocardial signal simulation with imperfect slice profile (Fig. 3a) , which has a nearly constant signal for FA>45 , whereas the in vivo myocardial SNR decreases with increasing FA for FA>90 . However, the stationary myocardium simulations with off-resonance indicated that the signal decreases at higher FAs for increased offresonance, which were not considered in the RMSE calculation due to lack of the B 0 map.
The simulations were based on sinc RF pulses with a pulse duration and time bandwidth product matched to the parameters of the product sequence. As a consequence, the slice profile for each different FA was suboptimal. The RF LV blood myocardial contrast-to-noise ratio (CNR) (red dashed) and RV blood myocardial CNR (blue dashed) during diastole (d) and systole (e) indicate that at higher FAs, the blood signal is decreased in the LV compared to the RV due to the blood signal saturation of the pulmonary veins with long acquisition durations. Blood SNR and blood-myocardium CNR differences are clearly visible in the systolic phase (arrows) at higher FAs (a) and measured LV and RV mean blood SNR and blood-myocardium CNR (c,e).
pulses for different FAs can be individually optimized for their slice profile and SAR using Shinnar-Le Roux (13) and variable rate selective excitation (20, 21) pulse design, which will reduce the optimal FA results to more closely align with the simulations that used a perfect slice profile.
Limitations
The TR of the imaging sequence was specifically increased to 4.4 ms to reduce the SAR and enable imaging at high FAs. In practice, the TR of the imaging sequence is minimized to reduce sensitivity to B 0 inhomogeneities and the related banding artifacts for bSSFP cardiac cine imaging. Our simulations and preliminary experiments in five healthy subjects with FA up to 80 and TR ¼ 3.1 ms (data not reported) demonstrated a similar trend in the myocardial and blood signal compared to those acquired with TR ¼ 4.4 ms. The myocardial and blood signals at TR ¼ 3.1 ms, however, were slightly higher than at TR ¼ 4.4 ms but did not shift the optimal FA. Nevertheless, the use of a high FA is preferred to increase blood-myocardium contrast when possible, while staying within SAR limits.
The flow simulations considered only in-flow effects due to through plane flow. Further improvements to these simulations are required to incorporate the periodic motion of the myocardium and to define the optimal FA for the myocardium. The differences in the blood signal between the LV and the RV blood as well as between the different cardiac phases and different imaging planes are due to the flow effects such as in-plane flow and blood signal saturation due to recirculating spins. Further improvements to the flowing blood simu-lations would be required to account for these patient specific flow effects.
CONCLUSION
Bloch equation simulations of flowing blood and stationary myocardium with an imperfect slice profile agree well with the measured blood-myocardium CNR in the shortaxis and four-chamber imaging planes in healthy subjects. High blood-myocardium CNR can be obtained with a FA %105 when imaging a plane with predominantly through-plane flow such as the short-axis plane and increasing the FA beyond 105 results in limited SNR and CNR gains compared to the quadratic increases in SAR. When imaging planes with both through-plane flow and in-plane flow such as the four-chamber and threechamber imaging planes, the maximum FA should be limited to %75 if uniform blood SNR is desired in both the LV and RV. Finally, the FA may similarly be limited to %75 if through-plane flow is limited, as may occur for patients with low ejection fraction or low heart rates.
